The resolution of optical patterning is constrained by the far-field diffraction limit. In this letter, we describe an approach that exploits the unique photo-and electro-chemistry of diarylethene photochromic molecules to overcome this diffraction limit and achieve sub-wavelength nanopatterning. Top-down patterning of nanostructures is the key element that introduces functionality at the nanoscale. This is exemplified in numerous devices such as the complex geometries in nanoelectronics, 1 exquisite control of nanoscale dimensions in integrated optics, 2 geometries that impart photonic bandgaps in photonic crystals, 3 and subwavelength control of refractive index in metamaterials. 4 In almost all these examples, the nanopatterns are generated via scanningelectron-beam lithography (SEBL), where a focused beam of electrons is scanned over an electron-sensitive polymer resist. On the other hand, SEBL and related approaches are extremely slow. Photons, on the contrary, can create patterns extremely fast. However, they suffer from diffraction, and hence, are limited to features that are larger than about onehalf the wavelength. 5 Recently, a number of techniques have been proposed to circumvent this diffraction limit and achieve nanoscale resolution with optics. [6] [7] [8] [9] Most of these methods are inspired by the use of photoswitchable states for deep sub-wavelength resolution in fluorescence imaging. 10 Similar techniques have also been extended to non-fluorescence imaging. 11 We recently proposed a novel alternative that extends these approaches to nanopatterning via the combined photo-and electrochemical switching of stable photochromic isomers. 12 In this letter, we elucidate the key material aspects that form the basis of this technique including the material stability, the electrochemical oxidation mechanisms, and the influence of the oxidation time on pattern contrast. Moreover, we show that the photochromic layer can be used as both a positive-tone and a negative-tone photoresist depending on developing conditions. The negative-tone approach allowed us to demonstrate isolated lines as narrow as k/16.
We thermally evaporated thin-films of 1,2-bis[2-methyl-5-(5 0 -methyl-2 0 -thienyl)-3-thienyl]hexafluorocyclopentene (compound 1) onto a 100 nm-thick platinum (Pt) film atop a silicon wafer. 13 The evaporated films ranged in thickness from 20 nm to 60 nm. As indicated in Fig. 1(a) , compound 1 exists predominantly in either the closed form (1c) or the open form (1o). When exposed to red light, 1c is converted to 1o. When exposed to UV, 1o is converted back to 1c. Upon illuminating this film with a standing wave of wavelength k ¼ 633 nm, the molecules originally in form 1c are converted into form 1o except at the centre of the node, where they remain as 1c ( Fig. 1(c) ). 12 By increasing the exposure time, the area of 1c can be made arbitrarily small as long as the centre of the node is devoid of photons, i.e., as dark as possible. The isomers of the diarylethene molecule are thermally stable, which allows for a subsequent electrochemical-fixing step ( Fig. 1(d) ). Compound 1c has a lower oxidation potential than 1o.
14 Therefore, applying the appropriate oxidation potential will selectively oxidize only 1c, resulting in a subwavelength region that is in the stable oxidized form, which is no longer photochromic. The remaining unoxidized molecules can participate in subsequent exposure-oxidation steps to create more areas that are in the oxidized form generating dense features. 12 The oxidized form therefore, is analogous to the latent image in conventional photolithography. After all exposures are completed, the oxidized form is selectively dissolved away to create nanoscale topography. As in conventional photolithography, the photochromic layer can act as a negative-tone resist when the unoxidized regions are selectively removed by a solution of pentane. Pentane is a nonpolar solvent, which selectively dissolves the neutral molecule with respect to the polar cation. As indicated in Fig. 1(e) , isolated lines representing the removed portions as narrow as 39 nm (k/16) were clearly resolved. The photochromic layer can act as a positive-tone resist when the oxidized regions are selectively removed by a solution of 5% isopropanol (IPA) and 95% ethylene glycol resulting in lines shown in Fig. 1(f) .
In order to characterize the performance of compound 1 in thin-film, we evaporated 80 nm of 1o onto an ITO-coated quartz slide. 13 As indicated in Fig. 2(a) , UV-Vis absorption spectroscopy reveals distinct peaks for the three forms: 1o, 1c, and oxidized. These spectra confirm the existence of stable isomeric forms. One important characteristic for lithography is the capability of compound 1 to undergo repeated switching without adverse effects. This is important for repeated patterning to create dense (as opposed to isolated) features. We switched the aforementioned quartz slide back and forth by exposing it to an UV lamp (center wavelength ¼ 300 nm) and a)
Author to whom correspondence shoule be addressed. Electronic mail: rmenon@eng.utah.edu. shows the resulting absorbance measured at 633 nm as a function of the switching cycle. A slight decrease of absorbance was noted for the first few cycles, presumably due to UVinduced photo-oxidation. The absorbance values were stable after the third cycle. The quality of the thermally evaporated films is extremely important for nanopatterning. It was noticed that the film uniformity degraded dramatically if exposed to air over prolonged periods of time as illustrated by the optical micrograph in Fig. 2 (c). This sample was comprised of a 40 nm thick film of 1o deposited on 100 nm of Pt. Following deposition, the sample was irradiated with UV to convert all molecules to 1c in order to preserve film integrity. 12 The sample was stored in atmosphere and imaged after 24 h. The molecules of 1c tend to form nanoscale islands, which introduce significant non-uniformities in the thickness of the layer, making it unusable for nanopatterning. This problem was solved by storing the samples under N 2 as indicated by a different sample shown in Fig. 2 (d), again imaged 24 h after deposition of 40 nm of compound 1.
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13 This effect is therefore likely due to the partial oxidation of 1c under ambient conditions. Nevertheless, the samples were stable enough so as to be able to conduct all exposure and development steps in air.
Compared to earlier methods in fluorescence imaging, 10 a fixing step is necessary for nanopatterning. This is achieved by selective oxidation of 1c in an electrochemical cell. 13 The redox properties of the molecule are clearly critical to defining the feature sizes of the nanostructures. Therefore, we first characterized the redox properties of compound 1c in solution by performing cyclic voltammetry at various scan rates as illustrated in Fig. 3 (a). The Faradic current is directly proportional to the scan rate as shown in Fig. 3(b) indicating that the kinetics of the redox reactions were more adsorption controlled than diffusion limited. We then applied this principle to determine the appropriate oxidation conditions for 1c in thin-film. thick film of compound 1 that was first exposed to a standing wave 633 nm wavelength (HeNe) of period 400 nm for 3 h and 5 min with a laser output power of 2.65 mW. The oxidation potential was fixed at 0.81 V. As expected, 15 the current shows an exponential decrease with time. The total time of oxidation determines the width and depth of the final developed nanostructure. We characterized different oxidation times as illustrated by the atomic-force micrographs in Fig.  3(d) at an oxidation voltage of 0.85 V determined from cyclic voltammetry. 13 The 50 nm-thick films were exposed to a standing wave at k ¼ 647 nm (CW Kr-ion, Coherent Innova 301C) of period 400 nm for 60 s at a power density of 0.95 mW/cm 2 . As the oxidation time is increased from 10 min to 25 min, one can clearly see a loss of contrast as some of the regions comprised of 1o get oxidized as well. The developer (5% IPA: 95% ethylene glycol) dissolves all oxidized portions. Larger oxidation times result in uneven line and increased surface non-uniformities after development. Therefore, a careful choice of the oxidation conditions is critical to patterning high-quality nanostructures.
In conclusion, we characterized a photochromic molecule, compound 1 as a resist material for optical nanopatterning. By exposing a thin-film of this molecule with a standing wave, one of the isomers can be spatially localized. A subsequent electrochemical oxidation "fixes" this localized isomer. The unoxidized regions are free to be used for subsequent exposures. The molecule can be used as a negative-tone or a positive-tone resist with appropriate choice of a developer. Electrochemical oxidation conditions are critical to the quality of the patterns and we characterized the performance of the material under different oxidation conditions. In the specific method, we described here, a conducting electrode is required underneath the photochromic film. This constraint could be avoided if a compatible photooxidant could be found. Gated photochromism as the locking mechanism within a photo-reversible switching process has the potential to overcome the far-field diffraction limit with low intensities of light. Therefore, this approach has promise for the fast patterning of large area, two-dimensional complex geometries.
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Procedure for the synthesis of 1,2--bis[2--methyl--5--(5'--methyl--2'--thienyl)--3--thienyl]hexafluorocyclopentene (compound 1)
5-Methylthiophene-2-boronic acid pinacol ester (0.638 g, 2.85 mmol, 0.7 ml), 1,2-bis-[2-methyl-5-chloro-3-thienyl]hexafluorocyclopentene 1 (0.500 g, 1.14 mmol), and Pd(PPh 3 ) 4 (0.107 g, 0.093 mmol) were placed in a reaction flask under argon atmosphere. Toluene (10 ml), THF (10 ml) and an aqueous 1M solution of Na 2 CO 3 (5 ml) were subsequently added, and the solution was refluxed under argon for 24 hrs. Reaction was monitored by TLC. Due to the presence of both the unsubstituted and the mono-substituted species, amounts of boronic acid pinacol ester (100 mg) and Pd(PPh 3 ) 4 (13 mg, 0,01 mmol) were added to complete the reaction, and heating was continued for ca. 24 hrs. The reaction mixture was extracted with water and ether. The combined organic phases were dried over Na 2 SO 4 and filtered. After solvent removal, the raw material was purified by flash chromatography on silica gel (ETP:DCM, 9:1) to afford 320 mg of 1 in 50% yield. 
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Evaporation process
Deposition of a uniform thin film over large areas with small organic molecules is of critical importance in order to achieve precise nanopatterning. 3 As the evaporation of small molecules is not a trivial process step, we have designed and fabricated a custom low temperature thermal evaporator to achieve relatively high vacuum, ~10 -7 torr, to improve the quality of the thin films.
Fig. S1: Image showing the custom low temperature thermal evaporator. It consists of a 4.5 inch six-way stainless steel cube with knife-edge (ConFlat) flanges to house the ion gauge, LTE source and electrical feedthroughs. Pumping is done by a Varian scroll pump and a 50 liter per second turbo molecular pump (Pfeiffer-Balzers TPH-O5).
The silicon substrates were obtained by immersion in diluted hydrofluoric acid (HF:H 2 O = 1:50) to etch away the native oxide layer. Next a 100nm layer of platinum was sputtered on using the TMV SS-40C-IV Multi Cathode Sputtering system. After sputtering the platinumcoated substrate it was found by a wettability test that the platinum surface was contaminated by a hydrophobic organic impurity. In order to rid the platinum surface of adsorbed contaminants, the surface was cleaned using Reactive Ion Etching (RIE). A conventional Oxford Plasma Lab 80 Plus RIE system was used. Oxygen gases were injected into the chamber through mass flow controllers with 200 W RIE chuck power, 20mT chamber pressure, and flow rates of 50 standard cubic centimeters per minute (sccm). After 1 minute etching, the surface was blown with nitrogen gas. Compound 1 was then thermally evaporated onto platinum-coated silicon substrates from an Al 2 O 3 boat at 100°C using a custom built low temperature thermal evaporator with a base pressure of 1x10 -6 torr and a deposition rate of ~2 Å/second. During deposition a quartz crystal head monitor was used to adjust the monitored thickness of the films. After evaporation, the films were illuminated with short-wavelength UV light (UVP UVGL-25) for 5 minutes to fully convert the samples to the closed form. The film thicknesses were then measured with a Tencor P-10 Profilometer.
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Electrochemistry
Electrochemical cyclic voltammetry measurements were performed using a DY2000
Electrochemical Workstation in a conventional three-electrode electrochemical cell. Analyte concentrations were 1.784 nM in anhydrous dichloromethane containing 0.1M tetrabutylammonium hexafluorophosphate (TBAPF 6 ). A platinum button microelectrode was employed as a working electrode; a Pt wire counter electrode and a Silver/SilverNitrate quasi-reference electrode were employed. Cyclic voltammograms of 1c in solution were obtained at sweep rates between 10 mV/s and 300 mV/s.
Electrochemical oxidation experiments of compound 1c in thin film form were performed using a Bioanalytical Systems CV-37 Voltammograph in a conventional three-electrode electrochemical cell. Platinum-coated silicon substrate, a Pt wire and an Ag/AgCl saturated KCl were employed as the working electrode, counter electrode and quasi-reference electrode, respectively. All experiments were carried out in DI water as the electrolyte, which was deoxygenated with purified nitrogren for 20 minutes.
Development Process
The oxidized form has increased solubility in polar solvents. After electrochemical selective oxidation of the molecule from 1c to 1ox, the samples were then developed in a solution of 5% isopropanol and 95% ethylene glycol for 60 seconds. The samples were then carefully rinsed in de-ionized water and dried under N 2 . Finally, the resulting structures were imaged by atomic force microscopy (AFM) using a commercial instrument (Bruker Dimension ICON-PT) operating in Peakforce QNM tapping mode. In the case of negative-tone, the unoxidized isomers were dissolved in pentane.
UV-Vis absorbance spectroscopy
To investigate the behavior of the compound 1 in thin film form during the process of oxidation and reduction, changes in the spectroscopic properties of the material were The wavelength of the light was scanned from 300 nm to 800 nm, using a Perkin-Elmer Lambda 20 spectrophotometer. The background spectra were recorded with a blank ITO slide.
The three forms of compound 1 in thin-film form also have distinct absorption peaks, showing that they are separate stable species. The compound 1o has a distinct peak at 324 nm, the compound 1c has a distinct peak at 618 nm, and the broad absorption band at 452 nm is the fingerprint of the oxidized form. The absorption spectra of the BTE molecule in the three forms in thin film are shown in Fig. 2(a) .
AFM surface roughness measurements
The surface roughness was studied with an atomic force microscope (Bruker Dimension ICON-PT) in Peakforce QNM tapping mode using a scan window of 1 x 1 µm 2 . Because the roughness values are influenced by tip, scan size, and scan conditions, the parameters of the measurements were kept identical from sample to sample. Images of 512 x 512 pixels were acquired at a scan rate of 1Hz. All measurements were made at room temperature (25°C). Fig.   S3 shows the surface morphology of thin-films of compound 1. The surface roughness of the thin-film was calculated in terms of root mean square (rms) value by using Veeco Nanoscope Analysis software. The rms value of the film roughness is estimated to be 0.325 nm. R a values, defined as the mean value of the surface relative to the center plane were also calculated using equation S1:
where f(x,y) is the surface relative to the center plane and L x and L y are the dimensions of the surface. The R a value was estimated to be 0.260 nm.
Fig. S3: AFM image of 40nm thick film of 1c.
The AFM images depicted in Fig. S4 illustrate the long-term stability of the samples. The study of AFM surface morphology of the 1c film scanned 8 weeks after the date of deposition exhibited the same properties in terms of surface morphology and roughness as did the samples on the date of deposition. This demonstrates that these films deposited by low temperature thermal evaporation technique have consistent morphology and long-term stability. The reproducibility was also verified by studying samples prepared in different batches. The samples were stored under N 2 to prevent ambient oxidation. 
